Glabridin, a polyphenolic isoflavan of Glycyrrhiza glabra, has shown a variety of pharmaceutical properties. We have previously studied the isolation of glabridin using macroporous resin and found that it is partially degraded, giving a dark color. To illustrate the degradation of glabridin, the present work studied the stability of glabridin under various conditions. Licorice extract containing about 20% glabridin, obtained from G. glabra by silica gel column chromatography, was used in the stability study. Seven different factors (temperature, illumination, humidity, pH, solvent, oxygen, and oxidant) were studied and content changes were determined through HPLC analysis. Except for oxygen, all the above factors had an effect on the stability of glabridin, with illumination being the main one. Moreover, the interactions between temperature and pH, temperature and humidity, and illumination and pH can promote the degradation of glabridin. In conclusion, we suggest that a dark, dry and airtight environment provides the optimized condition for the long-term storage of glabridin.
Glabridin is a polyphenolic isoflavan found in the hydrophobic extract of Glycyrrhiza glabra [1] . Recent studies have shown that glabridin has a wide range of pharmacological effects, including antioxidant, antimicrobial, anti-inflammatory, and anti-gastric ulcer activities, as well as inhibitory effects on the formation of melanin and low density lipoprotein [2] [3] [4] [5] . Due to its many applications, interest in glabridin has intensified. However, its isolation is complicated because of its low content and high decomposition rate in the preparation process [6, 7] . Up to now, there are no reports referring to the stability of glabridin. Temperature, illumination, humidity, oxidant, oxygen, pH and solvent are known to be effective factors which may influence the stability of various compounds. Thus, in our study, licorice extract containing a high proportion of glabridin was first obtained from G. glabra. This was then used to determine the effects of the seven parameters on the stability of glabridin, from which a rational protocol for its preparation and preservation was proposed.
An extract of licorice root was treated by silica gel chromatography [6, 7] . The glabridin concentration of the resulting brown product was then determined by an HPLC method [8] . Under optimized chromatographic conditions, the peak of glabridin could easily be distinguished from other co-eluting compounds. The calibration curve was obtained through the leastsquare method, which is widely used in linear analysis. The established linear regression equation was: Y=1154.9X-33.101, where Y is the peak area of glabridin and X the concentration of each injection. The correlation coefficient (R 2 ) was 0.9967 for glabridin. S y,
x was 13.202, while b was 1154.9. Thus, the LOD and LOQ within the linearity of 0.9967 were 0.034 mg/mL and 0.114 mg/mL, respectively.
Intra-day and inter-day precisions were measured by repeated injections of standard glabridin on the same and three different days [8] . The relative standard deviation (RSD) values for both situations were 2.02% and 2.48%, respectively, which were considered to be acceptable. Linear analyses at four other wavelengths (210, 254, 310 and 377 nm) were also carried out to investigate the specificity of the HPLC method. The concentration of glabridin was 0.72, 0.72, 0.73, 0.75 and 0.67 mg/mL at the above wavelengths, respectively, with a RSD value of 3.7%, which indicated that the established HPLC method could be used for the stability study of glabridin.
The effects of temperature, illumination, humidity, oxidant, oxygen, pH and solvent on the chemical stability of glabridin were assessed. The stability of glabridin at pH values of 1.0, 3.0, 5.0, 7.0, 10.0 and 13.0 were evaluated. In acid and neutral solutions the compound was mainly stable, whereas in alkaline solutions it underwent severe degradation within 24 hours. At pH 13.0, degradation was 71.0% ( Figure 2 ). Friedman [9] reported that the susceptibility of plant phenolic compounds to pH strongly depended on their structure. Glabridin, with two hydroxyl substituents at positions 2' and 4', can exhibit a low degree of ionization. Under alkaline conditions, a neutralization reaction may be aroused leading to the degradation of glabridin and other flavones [9] .
Thermal stability of glabridin (pH 8.0) was studied at 4, 25, 40, 60, 80 and 100°C. The interaction between pH and temperature was carried out as well. Glabridin exhibited great stability below 60°C at a specific pH, while it started to degrade moderately after 5 hours above 60°C (Figure 3 ). The results were in agreement with earlier studies on other kinds of isoflavonoid [10] . Meanwhile, the close relationship between the pH of the solvent and the stability of glabridin at high temperature is shown in Figure 4 . Glabridin at pH 5 remained almost stable, whereas at pH 1, 3, 7 and 10 it degraded significantly at 100°C. Stintzing [11] found that the thermal degradation of isoflavonoids was highly dependent on their substitution pattern and solvent pH. A molecule with hydroxyl groups at positions 7 and 4' was more stable under high temperature compared with ones with other substituents at these positions. Glabridin, with a hydroxyl substituent at position 4' and one side ring on ring A, showed stability under high temperature in our study. The effect of the side ring remains to be demonstrated.
The optical stability of glabridin was examined in the dark, natural light and ultraviolet light ( Figure 5 ). Glabridin remained almost unchanged in the dark after 24 h, while it was remarkably unstable in both natural and ultraviolet light after 8 h, the contents being reduced by 26.3% and 54.1%, respectively. It was obvious that the light degradation of glabridin was closely correlated with the exposure time to light and the type of light source. We speculated that the light degradation was promoted by the absorbed energy from photons. Since the energy of ultraviolet light was more powerful than that of natural light, glabridin degraded more in the former conditions [12] . Interaction between pH and illumination was also carried out. Glabridin in acid (pH 1) and alkaline (pH 13) solutions was more unstable than when in neutral solution (pH 7), indicating the synergistic effect between the pH of the solvent and light. Glabridin examined in seven different organic solvents demonstrated varying stability (Table 1 ). It was apparent that the stability was dependent on the properties of the solvents. Methanol was the most suitable for glabridin, followed by acetone under the same conditions. On the contrary, glabridin was equally unstable in methylene dichloride and chloroform. The reason why the solvent could affect the stability of phenolic compounds was because of its ionizability, relative volatility and dissolved oxygen. In the present study, the solvents were first degassed to create lowoxygen conditions. The solvents can be divided into two groups, protonic and nonprotonic [13] . An analogous dissociation to water was observed in organic solvents and was described as the pKa value. For glabridin dissolved in protonic solvents with higher pKa values, the solvation effect between solvents and glabridin was easily initiated. Nevertheless, when dissolved in nonprotonic solvents with lower pKa values, solvation energies were too negative to start a solvation effect. It was concluded that glabridin with two hydroxyl substituents on the benzene ring was more unstable in protonic solvents because of the solvation effect [13] , which was inconsistent with our results. We presumed that it was the relative volatility of the solvents rather than the ionizability that caused the degradation of glabridin, which remains to be confirmed in a further study. The effect of oxygen and H 2 O 2 was carried out at room temperature. Glabridin displayed different stabilities under these two conditions. As shown in Figure 6 , the stability of glabridin in H 2 O 2 was concentration dependent, while the content of glabridin remained unchanged after exposure to air in the dark (data not shown). Glabridin was reported to possess the ability to scavenge oxygen free radicals, which may explain its content change in H 2 O 2 . We supposed that the stability of glabridin was relevant to the type of free radical [14] .
The degradation of glabridin was positively related to relative humidity and treatment time (Figure 7) . The interaction between humidity and temperature indicated that a high temperature can promote the degradation of glabridin at the same relative humidity. In our oxidant study, glabridin in CH 3 OH/H 2 O (80/20) also degraded after several days. We have mentioned that the stability of glabridin was in part correlated with the ionizability of the solvent. From the results above, it seemed that water was one of the factors that had an impact on the stability of glabridin for its strong ionizing ability. Thus we suggest that glabridin should be kept in a dry environment during storage. In conclusion, the results from this study show that the stability of glabridin in licorice extract depends on illumination, temperature, pH, solvent, humidity and oxidant, of which illumination is the main factor. Interaction effects between temperature and pH, illumination and pH, and temperature and humidity increased the degradation rate of glabridin. To minimize degradation, we suggest that pure glabridin and licorice extract should be stored in a dark, dry and airtight environment. A suitable solvent is recommended, high temperature should be avoided, and pH should be carefully controlled in the isolation process. However, it is worth noting that oxygen can promote a variety of reactions. Our studies showed that the direct impact of oxygen on the stability of glabridin was weak, but the interactions it may cause with other factors still need to be investigated. Thus the presence of oxygen should be avoided both in the preservation and isolation of glabridin to reduce its degradation. HPLC analysis: HPLC separation was performed on a Kromasil C18 reverse-phase column (5 μm particle size, 150 x 4.6 mm i.d.) with a flow rate of 1.0 mL/min and column temperature of 25°C. A mixture of methanolwater containing 0.2% acetic acid (70/30, v/v) was used as the mobile phase, which was filtered through a 0.45 μm membrane and degassed by sonication. The column effluent was monitored at 282 nm with UV detection. Prior to HPLC analysis, all the standards and extracts were filtered through a 0.45 μm syringe membrane filter.
Calibration curve:
The linearity of the HPLC method was established by triplicate injections of standard glabridin in the range of 0.125-0.625 mg/mL. The linear regression curve was obtained using the leastsquares method with the peak area (Y-axis) of glabridin as the dependent variable and the concentration (X-axis) of each injection as the independent variable.
Validation of the HPLC method:
The precision was measured by means of intra-day and inter-day repeatability. Intra-day precision was obtained by 6 injections of standard glabridin on the same day, while inter-day precision was established by 3 repeated injections on days 1, 2 and 3 at the same concentration. The specificity of the method was evaluated through linear analysis at 5 different wavelengths (210, 254, 282, 310 and 377 nm). A linear regression curve was obtained through the least-squares method. The concentration of glabridin was subsequently determined at the above 5 wavelengths. The RSD value of concentration was used to evaluate the purity of the glabridin peak. Limit of detection (LOD) and limit of quantification (LOQ) were determined through the following equation: LOD=3S y, x /b and LOQ=10S y, x /b, where S y,x is the standard deviation of the Y value distribution and b is the slope of regression equation.
Statistical analysis:
All data were recorded as means ± standard deviation of either duplicate or triplicate measurements. Analyses of variance (ANOVA) and
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Chemical stability evaluations:
In this study, seven factors involved in glabridin stability were studied. The 5% CH 2 Cl 2 /CH 3 OH eluent was evaporated to obtain a brown solid extract, which was dissolved in methanol to a final concentration of 0.5 mg/mL (stock solution) and used in the following experiments.
The thermal stability of glabridin was studied at 4, 25, 40, 60, 80 and 100°C. Capped glass bottles with 10 mg extract were stored in an oven (fridge for 4°C) at different temperatures for 1, 2, 3, 5, 7, 9 and 24 h, respectively. The extract was then dissolved in 5 mL methanol and filtered through a 0.45 μm syringe membrane filter before HPLC analysis. Each temperature group was repeated 3 times.
For the optical stability study, an aliquot (10 mL) of the stock solution was placed in an open container and treated in the dark, natural light and ultraviolet light, respectively, for 8, 16 and 24 h [12] . The gross weight of each sample was determined at the beginning. Before HPLC analysis, the gross weight of each sample was adjusted to its initial value to avoid the influence of solvent evaporation. The analysis of each group was repeated 3 times. The effect of pH on chemical stability of glabridin was studied at 6 different levels (1.0, 3.0, 5.0, 7.0, 10.0 and 13.0) at room temperature [9] . Sodium hydroxide solution, sodium chloride solution and hydrochloric acid solution were prepared and then mixed with stock solution (500 μg/mL) at a ratio of 9:1. Sample solutions were kept in the dark at room temperature for 24 h. Each group was repeated 2 times.
The solvent effect on the stability of glabridin was carried out in 7 different organic solvents (methanol, ethanol, acetone, ethyl acetate, chloroform, methylene dichloride and propylene glycol). Licorice extract (25 mg) was dissolved in 100 mL of solvent, degassed and kept hermetically sealed at room temperature in the dark. An aliquot (20 μL) of the sample solution was periodically removed and subjected to HPLC analysis on days 0, 7, 12, 19, 25, 32, 35 and 42.
The effect of humidity was studied at relative humidities of 75% and 90%. A constant humidity environment was established in desiccators with supersaturated solutions. In our study, NaCl and KNO 3 were used to set up the constant humidity environment of 75% and 90%, respectively. Licorice extract (10 mg) was transferred into an open container and placed in the desiccators. The treated extracts were then dissolved in 5 mL methanol and subjected to HPLC analysis on days 5 and 10. Each group was repeated twice.
A control group with stock solution was kept hermetically sealed in the dark. The experimental group with stock solution was exposed to air in the dark. After 24 h, the contents of glabridin in both groups were determined. The effect of oxygen was characterized by the content change.
Moreover, the interaction effects between temperature and pH, illumination and pH, and temperature and humidity were studied. The effect of pH on thermal stability was studied at 5 different pHs (1.0, 3.0, 5.0, 7.0 and 10.0) at 100°C [9] . The content of glabridin was determined after 3, 6, 9 and 12 h. The optical stability of glabridin at different pHs (1.0, 7.0 and 13.0) was studied under UV light [12] . Stock solution (10 mL) was filled into an open container and treated under UV light for 8 and 16 h, respectively. The effect of humidity on thermal stability was carried out at relative humidities of 75% and 90% at 60°C. Licorice extract (10 mg) was transferred into an open container and placed in the desiccators. The treated extracts were then dissolved in 5 mL methanol and subjected to HPLC analysis on days 5 and 10. Each group was repeated twice.
